Young, budded Valencia orange trees were grown for several years in outdoor sand cultures with three levels each of nitrogen, potassium, and magnesium in factorial combinations. Total growth and fruitfulness were greatly dependent on the nitrogen level but relatively independent of the two base elements over a very wide range of supply. These responses and those pertaining to fruit quality were recently described in detail (18).
Young, budded Valencia orange trees were grown for several years in outdoor sand cultures with three levels each of nitrogen, potassium, and magnesium in factorial combinations. Total growth and fruitfulness were greatly dependent on the nitrogen level but relatively independent of the two base elements over a very wide range of supply. These responses and those pertaining to fruit quality were recently described in detail (18).
The nutritional status of the trees was evaluated by yearly collections of leaf samples. At the termination of the experiment in January, 1951, samples of leaves, fibrous roots, and woody structures were taken. The present report describes some of the results of mineral analyses made on these tissues. About 5,000 individual determinations of elements were made on over 900 samples. Only mean values are presented in the tables, for illustrative purposes. They represent the main trends and relations found.
MIATERIALS AND METHODS Details of culture method have been described elsewhere (18). The trees were grown under differential treatment for slightly over three and one half N-ears and satisfactory growth and fruiting resulted where the combinations of nutrients were favorable. The levels of K and Mg were changed somewhat during the second year to alleviate excessive Mg deficiency. During most of the culture period the following concentrations, in ppm, of the three elements were used: N 30, 80 and 200; K 8, 32 and 180; and Mg 12, 24 and 72. These are referred to hereafter as low, intermediate, and high. The N was supplied as 80 % nitrate and 20 % ammoniacal. The other essential elements were supplied in constant amounts as previously described (18).
The first leaf samples were taken in September, 1947, about 3.5 months after the start of the experiment. Subsequent leaf samples were taken on dates given in table I. All leaf samples were detergentwashed (19) except the final collections, which were quite bulky, since they contained all the leaves from the 1-tree plots. The fibrous root samples were not washe(d because of the possibility of altering their base composition through exchange reactions but they were carefull3l rinsed in water and most adhering sandl particles were removed by jarring the dried samples before grinding. The fact that the sand me-(lium was continuously acidic (pH 4.5 to 5.0) is thought to have prevented most compounds from accumulating on the root surfaces as precipitates. Iron determinations for the root tissues, however, are probably meaningless since the roots penetrated the asphalt paint and were partially in contact with the 1 Received October 28, 1953.
iron containers. Woody samples (including bark) of trunk, limbs, and large roots were also taken.
Most of the determinations of macro-nutrient elements were made by rapid chemical methods as previously described (16) . Some were made spectrographically; however, these will not be singled out since the agreement between the two methods has nearly always been satisfactory. All micro-elements, except Zn, were determined spectrographically. Zinc was determined colorimetrically by standard carbamate procedure. Analysis of variance was made by the appropriate methods outlined by Cochran strengthened considerably if it is known that the plant is in equilibrium with the imposed nutritional treatment. It is also important to know approximately how much time is required to approach the equilibrium point with the particular plant and under specified experimental conditions. No such information is available for citrus. The data in table I show some results from repeated samplings of the 108 trees in the experiment.
The first samples, taken 3.5 months after the differential treatments were begun, showed approximately the same spread in N and K concentrations as was found in all later collections. Interactions (discussed later) between these two elements were also evident in the first sampling. The high N values for the last two sampling dates were somewhat lower than previously, probably because of the relatively large crops of fruit then present.
In contrast to these two elements, leaf Mg concentrations showed only a small difference between treatment levels after 3.5 months. A large spread in the values was found after 13 The data are largely self-explanatory. It will be noted that the fibrous root values for macro-elements are usually smaller than the leaf values and often they reflect the same trend. There are, however, important exceptions that may have fundamental implications. For example, increased K depressed Ca in the leaf but had no such effect on Ca in the root. Conversely, K level had relatively small influences on leaf Mg and Na but greatly affected the rootlet concentrations of these elements. Similarly, the effect of N supply on leaf Ca was large, but N had only a slight effect on root Ca. Both Mg and Na showed opposite trends in the leaves and roots in relation to N level. The Mg concentration in the roots showed a much narrower range in relation to Mg supply than it did in the leaves. As the supply of Mlg was increased leaf K declined substantially, but root K was virtually unchanged.
These results indicate the complexity of ion accumulation in various plant parts. The Ca-K-Mg relations in leaves and roots show that entirely different ratios of these elements can be found in different parts of the same plants. This suggests that reciprocal cation substitution on a purely chemical basis may take place in all tissues as both roots and leaves of these citrus trees had nearly constant total equivalent cationic composition as shown later (tables IV and VI).
Several types of investigation show that there is a close relation between adsorption and movement of cations in plants and electrical potential gradients (2, 7, 9) and at least part of the adsorption activity of roots is not dissimilar to that of non-living exchange systems (15) .
Two other tree fractions also were analyzed for the elements N, P, K, Ca, and Mg. Complete data are not presented for these, but they can be briefly summarized since the trunk, branch, and twig fraction (including both bark and wood) showed almost identical trends with those found for leaves, the chief difference being that all elements were present in lower concentrations. Likewise the large roots showed the same trends as those shown for the small fibrous roots but the concentrations were lower. All 4 tree fractions thus showed inverse N-P and N-K concentrations. Above-ground parts showed a strong reciprocation Ca-K concentrations and weak reciprocation between K and Mg whereas the underground parts showed no depression of Ca by K but a strong reciprocation between K and Mg.
The heavy-metal elements were all found to be present in several-fold concentration in the roots as compared with leaves. Nitrogen level in particular had a strong influence on these elements. It was previously shown that a parallel exists between protein content of roots and Cu accumulation (15) . Evidently this same relation is true for Zn and Mn.
It is perhaps noteworthy that the root concentration of each of these heavy metals seems to have no direct relation to the leaf concentration. These elements are all readily adsorbed by both living and dead roots (15) . Copper, at least, is held in such an exchangeable manner that it can be displaced readily by dilute acid (15) , but much less readily by neutral base elements.
The depressive effect of N on the leaf concentrations of most of the micro-elements is not readily explained. It may be related to the greater growth and fruit production associated with increased N. If so, such an explanation should apply also to Fe but it doesn't. Likewise, some of the effects of K and MIg on the concentrations of the micro-elements are not readily understood. For when it was at a high level. The N-K interaction on Na in leaves is peculiar in that K showed a much stronger depressive action against Na at the intermediate N level than at either the low or the high N levels. The reason for this is not apparent. Few of the interactions can be logically explained in the light of present knowledge. Apparently chemical reactions and vital functions are interwoven in a complex pattern. Some interactions doubtlessly are of significance in understanding plant behavior; others probably are incidental and may occur only under a particular set of environmental conditions. Regardless of the cause of interactions, it is of importance that they be recognized in interpretation of experimental results. For example, if two experiments were conducted with different levels of Mg, one at a very low K level and another at a high, opposite conclusions probably would be reached concerning the effect of Mg on the Ca content of leaves. This can be noted by observing the K-Mg interaction for leaves in table III, which indicates a depression of Ca by Mg when K supply is low but an accentuation when K supply is high. This clearly illustrates how an experiment not designed to evaluate possible interactions can give results that may be misleading.
RECIPROCATION OF BASE ELEMENTS: Studies of a number of agronomic plants show that an interrelation exists among the elements K, Ca, and Mg in tis-
sues. Sodium may also enter the picture if it reaches the foliage in appreciable quantities. Examples and discussion of base reciprocation with a review of pertinent literature were given by Lucas and Scarseth (11) . Little attention has been given to total base content and base substitution in tree crops. Numerous workers, however, have shown that high K usually depresses Ca and vice versa without regard to total base equivalence. Shear et al. (14) pointed out that total cation equivalents may not be constant owing to fluctuation in total anions. Cain (3) found that the leaf cations of apples may show a nearly constant total equivalent value, but the woody shoots showed less tendency for base constancy. Fudge (8) noted that when K fertilization of citrus was increased both Ca and Mg were reduced in the leaves. The shifts in concentration suggest chemical equivalence although Fudge's data showed there was a tendency for the total base equivalents to increase as the Ca concentration in the leaf increased.
The data in PLANT PHYSIOLOGY reported here, however, indicates some of the limitations to interpretations of leaf analysis data. Base reciprocation in leaves may be of an entirely different character, both quantitatively and qualitatively, from that in other parts of the plant. Leaf content of B and the metallic elements may bear no apparent relation to the concentrations of these elements in another tissue, such as the fine roots. This situation may make it desirable to consider the distribution of elements in various parts of the plant before conclusions are drawn in regard to nutrient availability, absorption behavior, and the location of antagonistic reactions. A practical example of the failure of leaf analysis has been experienced in Florida in recent years in connection with acid-soil chlorosis of citrus. Leaf analysis indicated that Fe was deficient but that Cu was present in normal amounts (19). Further investigations (12, 17) have shown that the primary cause of the trouble is Cu toxicity to the roots, a consequence of rather large accumulations of applied Cu.
SUMMARY
Chemical analyses were made on leaves, trunk and branches, large roots, and fibrous roots of budded Valencia orange trees grown in sand culture with different levels of N, K, and Mg.
Leaf samples taken 3.5 months after the start of treatments showed that the ranges of N and K concentrations were about the same as those shown by subsequent samplings for later years. Leaf Mg, however, showed little change after this length of time but was found to be in equilibrium with the rate of supply after about one year.
Comparisons of the concentrations of 12 mineral elements in leaves and fibrous roots showed quantitative differences in all. Nitrogen, P, and K values in the two tissues appeared to parallel one another fairly closely although the roots contained lower levels of these elements. Analyses for the other 9 elements showed important discrepancies, either in amounts or relation to treatment, between these two tissues.
Numerous Furthermore, until recently, despite the great volume of published work, there has been little reliable information about the occurrence of individual organic acids in plants (3, 4, 5, 6) .
As to the roles of minerals in plant metabolism, much has been learned in recent years, particularly the significance of phosphorus compounds in respiration and photosynthesis; but there is little information about the role of potassium (7); and very little has been found out about the intermediate metabolism of nitrogen (8) . Pepkowitz et al (9) in a study of the importance of oxygen in culture substrates for oats, reported that the nitrate level as well as the oxygen level affected the nature and amounts of organic acids present. Rapid absorption, translocation, and assimilation of the ammonium ion with considerable amide production was noted bv MacVicar and Burris (10) . Tiedjens (11) showed that the pH of the medium affects the assimilation of nitrate and ammonium nitrogen by the tomato. Clark (12) found that tomatoes grown in sand culture and supplied with ammonium ion may contain less than one tenth as much of each individual organic acid as do 1 No complete analysis of amino acid composition of the tomato, plant or fruit, could be found in the literature, although there are many reports of the presence of individual acids, especially glutamic acid and tryptophane (10) . Vickery (20) found a large amount of glutamine when ammonium sulfate was used, but comparatively little in calcium fertilized tomato plants.
EXPERIMENTAL Materials for this study were supplied by the Department of Horticulture greenhouse at The Ohio State University. The variety of tomato was wiltresistant Globe. The plants were grown in raised "Haydite" beds. The latter is a burned shale product widely used in greenhouses instead of gravel for culture work of this kind. These beds were irrigated with culture solutions of known composition once or twice daily. The amounts-of the various elements in the solutions were checked once every two weeks and suitable adjustments were made to maintain uniform concentrations. In general the compositions of the different solutions were the same, except for the variations in the level of one or more of the elements, P, K or N. All the elements known to be essential to plant growth were supplied and the pH was kept around 6.5 by the addition of suitable quantities of
